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Abstract The ubiquitous eolian dust on Mars plays important roles in the current sedimentary
and atmospheric processes of the planet. The ChemCam instrument retrieves a consistent eolian dust
composition at the submillimeter scale from every ﬁrst laser shot on Mars targets. Its composition presents
signiﬁcant diﬀerences with the Aeolis Palus soils and the Bagnold dunes as it contains lower CaO and
higher SiO2. The dust FeO and TiO2 contents are also higher, probably associated with nanophase oxide
components. The dust spectra show the presence of volatile elements (S and Cl), and the hydrogen content
is similar to Bagnold sands but lower than Aeolis Palus soils. Consequently, the dust may be a contributor to
the amorphous component of soils, but diﬀerences in composition indicate that the two materials are not
equivalent.
Plain Language Summary Eolian dust on Mars is very ﬁne dust that covers the entire surface
of the planet, gives it its typical red hue, and is mobilized by wind. It plays a signiﬁcant role in the current
rock cycle of the planet and for the temperature of the atmosphere. ChemCam uses a series of pulsed laser
shots to analyze the chemical composition of target materials. Each ﬁrst laser shot by ChemCam gives the
composition of the deposited dust. These measurements have been constant over the duration of the Mars
Science Laboratory mission. The dust is homogeneous at the millimeter scale (approximately the size of the
ChemCam analysis spot). Compared to local soils and sands at Gale crater, the dust contains higher levels
of iron and titanium, associated with volatile elements like hydrogen, sulfur, and chlorine. We infer from this
diﬀerence that the dust does not entirely originate locally and may be part of a separate global cycle.
1. Introduction
1.1. Eolian Dust on Mars
The study of ﬁne dust aerosols on Mars is of prime importance to understanding eolian sedimentary and
planetary atmospheric processes. Dust particles absorb solar radiation in the ultraviolet (UV) and visiblewave-
lengths while emitting energy in the infrared (IR) and are therefore a driver of the atmosphere’s thermal
structure (e.g., Kleinböhl et al., 2009; McCleese et al., 2007).
The typical size distribution of the particles that constitute the solid aerosols transported by wind was ﬁrst
determined from the infrared spectra obtained byMariner 9 during the 1971–1972 dust storm to be between
1 and 10 μm in radius following a power law with a −4 exponent (Toon et al., 1977). This distribution gives
an average eﬀective particle radius of 2.7 μm. Later studies using the Viking opacity measurements and com-
bined measurements from several Mars missions (including opacity and infrared measurements) reﬁned this
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estimate to the range 1.5–2 μmunder usual conditions, when a dust storm is not present (Clancy et al., 1995;
Lemmon et al., 2004; Pollack et al., 1995; Tomasko et al., 1999; Wolﬀ et al., 2006). More recent analysis of the
Viking limb measurements at the edge of Mars’ disk indicates a bimodal size distribution of the dust aerosol
with the smallest part of the size distribution peaking at an eﬀective radius around 0.2 μm and the average
eﬀective radius remaining consistently around 2 μm (Montmessin, 2002). Observed changes in the spectral
slope in infrared data are consistent with a mean particle size of aerosols varying with time between 1 and
2 μm based on seasonal variations of albedo using OMEGA data (Vincendon et al., 2009). While those dust
particles are quite small in size, they appear to readily cohere and form larger aggregates after deposition,
measuring from≈100 μm to several millimeters in size as observed onMars Exploration Rover (MER)missions
(Vaughan et al., 2010).
Infrared observations from orbit have been used to derive the mineralogical composition of the upper dust
layer of the planet. Early observations from Viking orbiters suggest that the dust is mostly a complex assem-
blage of particles composed of igneous primary silicates minerals and weathering products, such as iron
oxides and possible clay minerals (Toon et al., 1977). Anhydrous amorphous palagonites (a possible pre-
cursor of smectite produced by weathering of maﬁc glass) have been shown to provide a better ﬁt to the
infrared observations (Clancy et al., 1995). Analysis of the Thermal Emission Spectrometer observations sug-
gests that framework alumino-silicates (feldspar with possible contribution of zeolites) dominate the dust
mineralogy, with pyroxene, olivine, amorphous material (poorly crystalline silicates and nanophase oxides),
(titano-)magnetite, and hematite as lesser amounts (Hamilton et al., 2005; Madsen et al., 2009; Ruﬀ, 2004),
although the relative abundance of these minerals may vary with altitude and atmospheric dust loading.
Chemical observations of the eolian dust were performed by previous Mars missions. Dust particles from
the martian atmosphere were captured by the MERs magnets and analyzed by Mössbauer spectroscopy and
the Alpha Particle X-ray Spectrometer (APXS). The spectra taken diﬀerentiate two populations of dust: one
stronglymagnetic anddark brown to black andoneweaklymagnetic andbright red in color. Theweaklymag-
netic subgroup is enriched in Si, S, Ca, and K, while the strongly magnetic particles are dominated by Fe, Ti,
and Cr (Madsen et al., 2009; Ming et al., 2008). This magnetic fraction of the dust contains magnetite, olivine,
and some ferric oxide indicating limited alteration (Goetz et al., 2005). The chemical composition of bright
undisturbed soils, interpreted as dust deposits was also measured with APXS (Gellert et al., 2006; Yen et al.,
2005). Similar results are obtained for the mineralogy of the ﬁnest fractions of soils assumed to be represen-
tative of bright eolian dust deposits (Morris et al., 2006). Mars Science Laboratory (MSL) has shown that the
ﬁnest fraction (<150 μm) of the Rocknest eolian ripple at Gale crater is very similar in composition to the soils
measured at Meridiani Planum and Gusev crater, implying globally similar basaltic soils (Blake et al., 2013).
Thirty to forty-ﬁve percent of the soil is X-ray amorphous, and this fraction contains the volatile elements H,
S, P, and Cl measured in soils (Leshin et al., 2013; Meslin et al., 2013). Finally, the APXS on-board MSL analyzed
air fall dust on the titanium observation tray of the rover and determined its chemical composition and asso-
ciated enrichments in S, Cl, and Fe consistent with previous Viking lander and MER studies (Arvidson et al.,
1989; Berger et al., 2016; Clark et al., 1982; Gellert et al., 2006; Yen et al., 2005). The dust chemical composi-
tion is discussed in detail in section 3. Details onMössbauer spectroscopy, APXS, and CheMin can be found in
Klingelhoefer et al. (2003), Rieder et al. (2003), Campbell et al. (2012), and Blake et al. (2012).
TheChemCam instrumenton-boardMSLprovides anewmethodology to constrain the chemical composition
of this ubiquitous material.
1.2. The ChemCam LIBS Instrument
ChemCam is a Laser-Induced Breakdown Spectroscopy (LIBS) instrument on-board the NASA MSL rover that
has been exploring Gale crater, Mars, since 2012. A nanosecond pulsed infrared laser is focused to the target
of interest and brieﬂy heats it to about 10000 K generating a plasma of electrons, ions, and atoms, the light of
which is collected by a small telescope and analyzed by spectrometry (Maurice et al., 2012; Wiens et al., 2012).
Thanks to its ability to analyze the composition of geological targets at a distance from the rover and without
initial preparation, ChemCam is an ideal survey instrument to detect changes in composition in the vicinity
of the rover. The technique can analyze the major rock-forming elements and is very sensitive to elements
with low excitation energies such as the alkalis. Over its 5 years of exploration at Gale, ChemCamhas acquired
more than 500,000 spectra and analyzed around 13,000 diﬀerent locations.
The spot size of the LIBS analysis ranges from ≈350 μmwhen the target is 1.2 m away to ≈550 μmwhen the
target is 7 m away. For every target, a single shot removes a few tens of nanograms of material or about 1 μm
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in depth. The ﬁrst few laser shots can be used to clean the surface of a rock from weathering rind or dust
deposited on its surface (Lanza et al., 2015). The instrument can also be used in passivemode, which provides
useful reﬂectance spectra from 400 to 840 nm to assess the mineral composition of rocks (Johnson et al.,
2015). The LIBS instrument is complemented by a Remote Micro-Imager (Maurice et al., 2012). This imaging
capability ranges from 1.2 m to inﬁnity, with a pixel scale of 19.6 μrad. In practice, the Remote Micro-Imager
provides a resolution of about 80 μm at 2 m and 400 μm at 10 m (Le Mouélic et al., 2015).
ChemCam data acquisition is designed such that each spectrum generated by a single laser pulse can be
recorded and analyzed independently. This feature has provided one key result: the chemical composition
information carried by the ﬁrst laser pulses onto a typical Mars target, and often up to the ﬁrst ﬁve, is very
reproducible and does not depend on the substrate (Melikechi et al., 2014; Mezzacappa et al., 2016). Such
spectra are systematically removed from the quantiﬁcation analysis of the rock targets (Wiens et al., 2013).
Due to its versatility, ChemCam is ideally suited to carry out a statistical survey of martian target composition
at the submillimeter scale. The following work compiles the ChemCam ﬁrst shots taken on calibration targets
and martian targets over the ﬁrst 4 years of the mission to reﬁne the composition of the eolian ﬁne dust
detected by ChemCam.
2. Martian Eolian Dust Deposition and Composition
2.1. Eolian Dust Deposition
Fine dust aerosols are mobilized by eolian processes on the surface of Mars constantly depositing on Mars
rovers and sometimes removed by the action of wind (Vaughan et al., 2010). A number of observations made
byMSL indicate that eoliandust ismobilized atGale and constantly deposits on the rover and its surroundings.
They include
1. a change in the dust opacity measurements baseline with time using the UV sensors of the REMSmeteoro-
logical station (supporting information Figure S1; Gómez-Elvira et al., 2012).
2. ChemCam passive spectroscopy has also been used to assess the variations in dust cover from the rover
paint target located among the ChemCamCalibration Targets (CCCT). The passive spectroscopy documents
reddening of the rover paint CCCT with time that indicates deposition of the dust particles on its surface
(supporting information Figure S2; Johnson et al., 2015).
3. Dust particlemovements are detected on the ChemCam calibration targets probably due towind (support-
ing information Figure S3) and deﬁnitely during ChemCam active laser calibration sequences (supporting
information Figure S4).
These observations are fully described in the supporting information.
Due to its mobility and continuous deposition, we analyze dust mostly from airborne origin which should
consist of a typical grain size distribution around 1–2 μm as described in section 1.1. As such, this dust com-
position likely reﬂects that of the atmospheric and easily mobilized portion of regional and/or global martian
dust cover.
2.2. Qualitative Assessment From Calibration Targets
ChemCam’s ﬁrst spectrum on the CCCT records the composition of dust. Most CCCTs have compositions sim-
ulating those ofMars soils and rocks (Fabre et al., 2011; Vaniman et al., 2012), making it diﬃcult to disentangle
the dust signal. One calibration target is made of pure graphite that yields much fewer emission lines, with
low intensities, and can thus be used to qualitatively assess the composition of its dust cover. Graphite spec-
tral lines would overlap with any C emission line from organics or carbonates if they were present in the ﬁne
dust. Thermal infrared spectra suggest the presence of small concentrations (2 to 5wt.%) of carbonates in the
dust (Bandﬁeld et al., 2003); however, any such contribution would be minor and therefore diﬃcult to detect
with ChemCam (Beck et al., 2017; Ollila et al., 2011, 2013).
The ﬁrst spectrum clearly presents all the major elements (Fe, Si, Mg, Al, Ca, Ti, Na, K, and O) that are absent
from a clean C spectrum. Hydrogen and other volatiles are detected based on their emission lines indicating
that the deposited dust material is hydrated and/or hydroxylated. Due to the thinness of the dust cover and
matrix eﬀects associatedwith the large carbon content, it is challenging to quantify the spectra thus obtained.
We therefore do not discuss the graphite calibration target dust results further in this work.
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2.3. Eolian Dust Composition
2.3.1. Method
Since themartian targets are coveredwith a thicker layer of dust than the calibration targets, we prefer to con-
sider a statistical average of this dust spectrum for compositional quantiﬁcation. We make use of the spectra
available over the ﬁrst 1,500 sols, giving us reasonable statistics. A part of the data set (between sols 805 and
980) cannot be used, as, during that time, the continuous laser diode used for LIBS focalization was not oper-
ating and focusing of the laser was determined by the intensity of the LIBS signal, implying that every ﬁrst
shot on the targetwas out of focus. A new focusing procedure based on imagingwas introduced after sol 980,
and we include in our analysis the ﬁrst-shot data taken after this date. We have removed data taken on nearly
dust-free surfaces, that is, the surfaces where the Dust Removal Tool or the drill was applied, the surfaces that
were coveredwith subsurfacematerial (the tailings and dumppiles), and the surfaceswhere ChemCamactive
analysis is repeatedly applied at the exact same location: analysis of the CCCT, depth proﬁles, and z-stacks.
After this selection of targets, 8,466 spectra of ﬁrst shots can be used to generate a median dust spectrum.
Each spectrum has been denoised, corrected for the dark (nonlaser reﬂectance spectrum), corrected for the
continuum emission, wavelength calibrated, and corrected for the instrument response (details in the data
processing and analysis are described in Clegg et al., 2017, and Wiens et al., 2013). These ﬁrst shots spectra
major oxides compositions can be used to determine a ﬁrst quantiﬁcation of the elements contained in the
eolian dust using the calibration database fromChemCam formajor-element composition (Clegg et al., 2017).
The composition thus calculated is uncorrelatedwith the underlying targets composition, demonstrating the
independence of the dust composition with respect to the substrate (see supporting information Figure S5).
A 3-sigma discrimination threshold is further applied to remove potential ﬁrst shots outliers or matrix eﬀects
from the substrate originating from relatively dust-free targets. The density distribution of the oxides compo-
sition is obtained as a smooth ﬁtting function of their histogram, normalized to an integral of 1. This allows to
compare distribution of compositional values, which will be discussed in section 3.1.
2.3.2. Results
Based on the procedure described above, a median spectrum for the ﬁrst shots of ChemCam can be gener-
ated and its major oxides composition quantiﬁed. The median dust spectrum is to ﬁrst order similar to the
average spectrumof soils at Gale (Aeolis Palus soils) and the average spectrumof Bagnold dunes (Cousin et al.,
2015, 2017). This is illustrated in supporting information Figure S6. Figure 1 and Table 1 give the results of the
quantiﬁcation procedure for this spectrum of eolian dust. The median absolute deviation (a robust statistical
estimator of the standard deviation) for each quantiﬁed oxide is low, indicating that the variation in composi-
tion is relatively limited. Thedust compositionderived fromﬁrst shots on soils and rocks is practically identical,
showing that the ﬁrst micrometers analyzed by ChemCam on rocks do not correspond to alteration rinds
but to eolian dust. The dust appears homogeneous at the 350-μm scale of the ChemCam analysis spot. This
likely indicates eﬃcient eolian mixing of dust grains originating from diﬀerent sources. Alternatively, it could
indicate that the majority of the eolian dust grains originate from a single location on Mars with a speciﬁc
composition as suggested by Ojha et al. (2018).
We can then compare the values obtainedwith dust measurementsmade by APXS on theMSL O-tray (Berger
et al., 2014, 2016), the average Mars soils compositions as measured by ChemCam (Cousin et al., 2015, 2017;
Meslin et al., 2013) and APXS at Gale (O’Connell-Cooper et al., 2017), and the average Mars soil composition
from the MER rovers (Taylor & McLennan, 2009). The APXS measurements (for MER and MSL), which do not
quantify H2O, have all been normalized to a 2 wt.% H2O content similar to the value measured by the Sample
Analysis at Mars (SAM) instrument on-board MSL at Rocknest (Leshin et al., 2013; Sutter et al., 2017). Simi-
lar to ChemCam, APXS performed a chemical analysis of the dust by measuring the accumulation of dust on
the O-tray (Berger et al., 2014, 2016). The APXS dust results are within 1𝜎 of the ones obtained by ChemCam
as shown in Table 1, except for the Na2O and the K2O contents, which appear lower for the ChemCam mea-
surement, and the SiO2 which appears enriched. We suspect that LIBS analysis of unconsolidated materials
may lower the apparent alkali content of the targets, but this requires further study. The APXS dust analysis
indicated compositions similar to the ﬁne-grained fraction (<150 microns) of the Rocknest ﬁnes soil sample
measured on the O-tray. A slight enhancement in SO3 and Cl content is observed in the O-tray dust analysis
compared to the averagemartian soil of Taylor &McLennan, (2009; 8.3 and 1.1wt% instead of 6.2 and 0.7wt%,
respectively; Berger et al., 2016).
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Figure 1. Comparison between the ChemCam eolian dust composition
(red), the APXS dust composition from O-tray measurements (green, Berger
et al., 2016), the Bagnold dunes sands measured by ChemCam (orange,
Cousin et al., 2017) and the Mars soils measured at Gale by ChemCam
(yellow, Cousin et al., 2017), and APXS (blue, O’Connell-Cooper et al., 2017)
normalized to the average martian soils from Taylor and McLennan (2009).
For clarity, only the error bars of the ChemCam (horizontal terminations) and
APXS (triangle terminations) eolian dust compositions are indicated. Table 1
gives the values for the other curves. APXS = Alpha Particle X-ray
Spectrometer.
Theeoliandust composition inferred fromChemCamandAPXS follows the
same trends as compared to the averagemartian soil of Taylor andMcLen-
nan (2009). Alkalis are variable, whileminor elements (like Ba, Sr, Rb, and Li)
are detected at similar levels to previous ChemCam soil analyses (Cousin
et al., 2017). Comparing the dust spectrum to the ones of typical Chem-
Cam soils, Mn and Cr appear to have larger peak areas. The reportedmajor
oxide compositions present low totals, which we assume is dominated by
the S, Cl, P, andHvolatile elements (see section6 inClegget al., 2017). S and
Cl peaks are detected in the ChemCam dust spectrum, even though those
elements are diﬃcult to detect with LIBS. This agrees with the enrichment
of S and Cl in the dust determined by APXS on MSL.
Finally, every ChemCam ﬁrst shot presents a strong hydrogen signal, indi-
cating that this ﬁne dust contains some hydrated phases. The minor
elements peaks comparison in the ChemCam spectra is detailed in sup-
porting information Figure S7.
3. Discussion
3.1. Comparison to the Local Soils and Sand at Gale
Dust is omnipresent at Gale and contaminates the local soils and sand. At
the same time, continued mechanical breakdown of the soils contributes
to the eolian dust. It is therefore of interest to compare both sets of data.
Over the ﬁrst 250 sols of the mission, the ChemCam instrument identiﬁed
several soil components: a ﬁne-grained maﬁc type with signiﬁcant con-
tent of hydrated amorphousmaterial and some coarse-grained types. The
coarse-grained soil material can be separated into three groups depend-
ing on their composition: The ﬁrst group is similar to the ﬁne-grained soils; the second group is a locally
derived, coarse-grained felsic type; and the third group presents a speciﬁc basaltic composition enriched in Cr
andMn (Cousin et al., 2015; Meslin et al., 2013). These groups are interpreted as amechanicalmixing between
Table 1
Comparison of Fine Dust and Soils Composition onMars
SiO2 TiO2 Al2O3 FeOT MgO CaO Na2O K2O Total
ChemCam eolian dust (sols 1–1,500) 44.00 1.05 8.70 19.80 7.70 6.50 2.01 0.39 90.15
median absolute deviation 2.40 0.09 1.33 0.74 0.59 0.59 0.37 0.15 —
Aeolis Palus soilsa 42.00 0.86 8.50 18.40 7.70 7.30 1.86 0.23 86.85
median absolute deviation 1.50 0.10 0.74 1.30 0.74 0.40 0.23 0.09 —
Bagnold dunesa 42.15 0.93 9.00 19.50 7.30 7.70 2.10 0.40 89.08
median absolute deviation 1.10 0.03 0.60 0.44 0.50 0.20 0.10 0.06 —
The following values are normalized to H2O = 2 wt.%.
APXS dust O-tray 571b 38.53 1.04 8.74 20.59 8.15 6.90 2.70 0.46 87.10
error 1.67 0.09 0.38 2.16 0.37 0.59 0.22 0.09 —
APXS disturbed soil Sourdoughb 42.16 1.08 9.23 19.70 8.11 7.03 2.73 0.44 90.46
error 0.49 0.03 0.19 0.29 0.17 0.08 0.14 0.02 —
APXS Average Gale soilc 42.61 1.03 9.19 18.36 8.19 6.88 2.75 0.56 89.56
error 0.51 0.05 0.21 0.23 0.22 0.08 0.14 0.03 —
Average martian soild 44.52 0.88 9.52 16.40 8.19 6.25 2.68 0.43 88.86
Rocknest am. comp. 35 wt.%e
34.58 2.12 5.45 23.27 4.05 4.45 3.38 1.39 —
Note. APXS = Alpha Particle X-ray Spectrometer.
aCousin et al. (2015); bDisturbed soil target Sourdough, Sol 673, Berger et al. (2016); cO’Connell-Cooper et al. (2017); dTaylor andMcLennan (2009); and eRocknest
amorphous component quantiﬁed as a 35 wt.% contribution in Achilles et al. (2017). These values are not normalized and correspond to upper limits. They would
require to be normalized to H2O = 5 to 9 wt.% to be comparable to ChemCam data.
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a globally representative ﬁner soil component and locally derived sources from rocks (Sautter et al., 2014;
Stolper et al., 2013). We deﬁne the Aeolis Palus soils to correspond to the ﬁne-grained fraction of any loose,
unconsolidatedmaterials that can be distinguished from cohesive rocks at Gale, following Cousin et al. (2017).
As compared to the average martian soils, the Aeolis Palus soils have low SiO2 (42 wt.%) and low total oxide
values (86.9 wt.%) with around 13wt.% of oxides unaccounted for as shown in Table 1. This suggests a greater
abundance of elements that are not easily detected or quantiﬁed by LIBS (H, C, N, P, S, Cl, and F).
ChemCam also analyzed the Bagnold dunes, an active dune ﬁeld at the foot of Aeolis Mons in Gale. Bagnold
sediments range from very ﬁne,≈ 45 μm, tomedium sized,≈500 μm (Cousin et al., 2017; Ehlmann et al., 2017).
Their composition determined by ChemCam is well within 1𝜎 of Aeolis Palus soils but appears depleted in
the alkali and volatile-rich amorphous component or ﬁne-grained particles presents in soils (see also, Gabriel
et al., 2018). A higher content in elements such as Fe or Mn is probably associated with a larger content in
olivine as compared to soils (Cousin et al., 2017).
The dust from the ChemCam’s ﬁrst shots appears to be within 1𝜎 of Aeolis Palus soils and Bagnold dunes
compositions, as shown in Table 1 and Figure 1. Figure 2 compares the density distribution of compositions
between the dust, Aeolis Palus soils, and Bagnold dunes in SiO2, FeO, CaO, and the hydrogen content as
estimated from an independent component analysis. ChemCam is sensitive to hydrogen (Rapin et al., 2017;
Schröder et al., 2015), and independent component analysis can be used to extract spectral information
related to a single element, as its score correlates with the emission of atoms present in the plasma (Forni
et al., 2013). The vertical red lines indicate values of the average Mars soils as derived by Taylor and McLen-
nan (2009). From the distributions of those elements and the values reported in Table 1, one notices > 1𝜎
diﬀerences between the dust, the Aeolis Palus soils, and Bagnold dunes. The dust composition appears lower
in CaO, and higher in SiO2 and FeO than the Aeolis Palus soils. The dust content in TiO2, MnO, and Cr is also
higher as shown frompeak height comparison in supporting information Figure S7. The elevated iron content
of the dustmay be linked to the presence of diﬀerent phases such as olivine or nanocrystalline ferric oxides as
detected earlier by the MER rovers (Goetz et al., 2005). Finally, one can notice that the composition of Aeolis
Palus soils is not intermediate between Bagnold dunes and eolian dust and hence cannot be solely described
as a mixture between these two end-members.
The low SiO2 and anhydrous total values in soils may be attributed to the presence of an amorphous com-
ponent that is observed as a soil component (Cousin et al., 2015; Meslin et al., 2013) by ChemCam. This
component is detected in theRocknest soil byCheMin andquantiﬁedbyCheMin andAPXSat levels of 20 to 50
wt.% (Achilles et al., 2017; Bish et al., 2013; Blake et al., 2013). Frommass balance calculations, this component
is low in Si (SiO2 = 25.6–38.7wt.%)while enriched in S, Cl, and possibly P (with values of SO3 = 14.7–17.2wt.%,
Cl = 2.0wt.%, and P2O5 = 3.1wt.%; Achilles et al., 2017; Blake et al., 2013; Dehouck et al., 2014). The SAMexper-
iment results also predicted 5 to 9 wt.% of H2O for the amorphous component (Leshin et al., 2013). Individual
phases proposed to be present in the amorphous component include: volcanic (or impact) glass, hisingerite
(or silica + ferrihydrite), amorphous sulfates, and nanophase ferric oxides (Bish et al., 2013; Dehouck et al.,
2014). Their calculatedcompositional ranges shown inTable1arenot consistentwith theeoliandust composi-
tion, indicating that the amorphousphase component of the soils cannot be explainedby a simple eoliandust
contribution. While eolian dust may be a contributor to the soils amorphous component, the latter appears
to contain a greater proportion of altered phases, probably of local origin, as not accounted for by eolian dust.
The dust spectra also show the presence of volatile elements (S, Cl, and H; see supporting information Figure
S6). As illustrated in Figure 2, the hydrogen content of dust is similar to the Bagnold dunes sands, but lower
than the typical Aeolis Palus soils. This indicates that eolian dust may contribute to the soils hydration but
cannot explain it entirely. Long-term analysis of the soils over themission and several experiments comparing
daytime and nighttime soil and dust analyses have not revealed signiﬁcant exchange of water vapor between
the regolith and the atmosphere from ChemCamdata (Meslin et al., 2013; Schröder et al., 2015). However, the
D/H ratio of the ﬁnes (measured by SAM) is similar to the current atmospheric value (Ehlmann et al., 2017;
Leshin et al., 2013), indicating that alteration products present in the Rocknest soil likely resulted fromweath-
ering under hydrous conditions similar to those prevalent today. ChemCam showed that the ﬁne fraction
of Rocknest soils had the same chemical composition as the average Aeolis Palus soils (Cousin et al., 2015;
Meslin et al., 2013). Also, Rocknest may be considered to be typical of basaltic Martian soils based on a strik-
ing similarity between their measured and estimatedmineralogies (Achilles et al., 2017; Bish et al., 2013; Blake
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Figure 2. Comparison between the composition density distributions for eolian dust (red) as calculated from the ﬁrst
shots analysis, the Aeolis Palus soils (yellow), and the Bagnold dunes (green) at Gale. Top left corresponds to SiO2, top
right to FeO, bottom left to CaO, and bottom right to the hydrogen signal as extracted from the ICA analysis. The vertical
red lines indicate values of the average Mars soils (Taylor & McLennan, 2009). ICA = independent component analysis.
et al., 2013). Therefore, the hydrogen signature in soils and in the eolian dust may originate from the current
hydration of their respective phases following diﬀerent processes.
3.2. Comparison to Previous Dust Measurements
The MERs used permanent magnets to collect the magnetic fraction of atmospheric dust for investigation
(Madsen et al., 2003). Those magnets are of diﬀerent strengths, and the images taken by the cameras dif-
ferentiate two populations of dust: one that is strongly magnetic and dark brown to black, and one that is
weakly magnetic and bright red in color. The weakly magnetic subgroup is enriched in the elements Si, S, Ca,
and K, while the particles in the strongly magnetic one are dominated by the elements Fe, Ti, and Cr (Madsen
et al., 2009). Themagnetic fraction deposited on themagnetswas shownbyMössbauer to containmagnetite,
pyroxene, andolivine, indicating abasaltic origin for thedust. Thepresenceof olivine is an indicator that aque-
ous alteration did not play a dominant role in the formation processes of the atmospheric dust (Goetz et al.,
2005) or that the alteration was incomplete. The dust also contains ferric oxides, indicating the contribution
of alteration phases of the basaltic dust from diﬀerent sources (Goetz et al., 2005; Madsen et al., 2009; Morris
et al., 2006). This is also in agreement with the APXS analysis of air fall dust on the titanium observation tray of
MSL that gave evidence of enrichments in S, Cl, and Fe consistent with previous studies (Berger et al., 2016).
Our new method to determine the eolian dust composition from the ChemCam’s ﬁrst shots strengthens the
conclusions from previous studies. Dust composition measured in this way does present enrichments in the
volatile elements S, Cl, and H, while increase in FeO and TiO2 contents are probably linked to the presence of
nanophase ferric oxides, such as titanomagnetite (Goetz et al., 2005). Overall, themajor elements composition
of the dust is similar to previous studies. The fact that eolian dust on opposite sides of the planet are similar
is evidence of a frequent assumption, namely, that dust is a global product of the basaltic crust of Mars not
LASUE ET AL. 10,974
Geophysical Research Letters 10.1029/2018GL079210
dominated by the composition of local rocks. On the other hand, it could also reﬂect the general similarity
in compositions of the rocks from which they were derived. The latter hypothesis is unlikely, based on the
presence of felsic and basaltic classes of grains in the local soils as discussed earlier.
4. Conclusions
In this work we have shown that every ﬁrst shot taken by ChemCam contains information relevant to the
composition of the eolian ﬁne dust at Gale. A consistent chemical composition of the martian ﬁne dust com-
ponent can be retrieved by statistical analysis of the ﬁrst shots taken on every target. The dust composition
thus obtained remains signiﬁcantly constant over the whole mission. The compositional homogeneity of the
dust at the 350-micron scale of the ChemCam LIBS spot probably indicates an eﬃcient mixing of the dust
grains at this scale and/or the widespread presence of their lithic source.
The dust composition shows similar trends to the APXS dust measurements on the observation tray of MSL.
There are signiﬁcant diﬀerences with the Aeolis Palus soils and Bagnold dunes, as the dust is lower in CaO,
and higher in SiO2. The dust content in FeO and TiO2 is larger than the soils and probably associated with
nanophase oxides components, such as titanomagnetite. The dust spectra show the presence of volatile ele-
ments (S and Cl), and the hydrogen content is similar to Bagnold sands, but lower than Aeolis Palus soils. The
dust may be a contributor to the amorphous component of soils, but diﬀerences in composition indicate that
the two materials are not equivalent. This may be linked to the presence in the eolian dust of a mixture of
altered and unaltered materials mixed over the planet in a global cycle. Therefore, dust may not constitute
the most chemically altered soil component, and the physical weathering of unaltered phases of rocks and
pebbles during their transport may have played an important role in its formation.
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